Chaperone-mediated autophagy (CMA), a selective mechanism for degradation of cytosolic proteins in lysosomes, contributes to the removal of altered proteins as part of the cellular qualitycontrol systems 1,2 . We have previously found that CMA activity declines in aged organisms and have proposed that this failure in cellular clearance could contribute to the accumulation of altered proteins, the abnormal cellular homeostasis and, eventually, the functional loss characteristic of aged organisms. To determine whether these negative features of aging can be prevented by maintaining efficient autophagic activity until late in life, in this work we have corrected the CMA defect in aged rodents. We have generated a double transgenic mouse model in which the amount of the lysosomal receptor for CMA, previously shown to decrease in abundance with age 3 , can be modulated. We have analyzed in this model the consequences of preventing the age-dependent decrease in receptor abundance in aged rodents at the cellular and organ levels. We show here that CMA activity is maintained until advanced ages if the decrease in the receptor abundance is prevented and that preservation of autophagic activity is associated with lower intracellular accumulation of damaged proteins, better ability to handle protein damage and improved organ function.
Chaperone-mediated autophagy (CMA), a selective mechanism for degradation of cytosolic proteins in lysosomes, contributes to the removal of altered proteins as part of the cellular qualitycontrol systems 1, 2 . We have previously found that CMA activity declines in aged organisms and have proposed that this failure in cellular clearance could contribute to the accumulation of altered proteins, the abnormal cellular homeostasis and, eventually, the functional loss characteristic of aged organisms. To determine whether these negative features of aging can be prevented by maintaining efficient autophagic activity until late in life, in this work we have corrected the CMA defect in aged rodents. We have generated a double transgenic mouse model in which the amount of the lysosomal receptor for CMA, previously shown to decrease in abundance with age 3 , can be modulated. We have analyzed in this model the consequences of preventing the age-dependent decrease in receptor abundance in aged rodents at the cellular and organ levels. We show here that CMA activity is maintained until advanced ages if the decrease in the receptor abundance is prevented and that preservation of autophagic activity is associated with lower intracellular accumulation of damaged proteins, better ability to handle protein damage and improved organ function.
Autophagy is a cellular process that mediates the degradation of intracellular components in lysosomes, thus contributing to maintenance of cellular homeostasis, intracellular clearance of damaged structures and adaptation to environmental challenges 4 . Defective autophagy has been linked to common human diseases 4 . A decrease in autophagic activity with age, described in almost all model organisms analyzed, has been proposed to contribute to age-dependent accumulation of damaged intracellular components that lead to altered cellular homeostasis and loss of function in aging 5 .
Three different autophagic pathways-macroautophagy, microautophagy and CMA-have been described in mammalian cells on the basis of their mechanisms for delivery of cargo to lysosomes 4, 6 . Whereas in macro-and microautophagy complete regions of the cytosol are sequestered and delivered to lysosomes all at once, in CMA individual proteins cross the lysosomal membrane one by one for their degradation 1, 2 . The substrates of CMA are a subset of cytosolic proteins with a motif recognized by the hsc70 chaperone 7 . The chaperone-substrate complex binds to the CMA receptor, the lysosomal-associated membrane protein-2A (LAMP-2A) 8 . After unfolding 9 , the substrate crosses the lysosomal membrane assisted by a lumenal chaperone (lys-hsc70) 10 and is rapidly degraded. CMA is maximally activated during stresses such as prolonged starvation, mild oxidation and other conditions resulting in protein damage 1, 2 . CMA activity decreases during aging 3 and in some age-related disorders such as familial forms of Parkinson's disease 11 .
We have proposed that reduced lysosomal abundance of LAMP-2A is responsible for the decline in CMA activity during aging 3 . To determine whether maintaining LAMP-2A abundance constant throughout the mouse life span prevents autophagic decline and delays aging features associated with poor handling of cellular damage, we generated a double transgenic mouse carrying a transgene encoding a Tet regulator (which is bound by tetracycline or a related antibiotic, doxycycline) under the control of the albumin promoter (Alb-Tet-off-L2A). In this mouse, expression of an exogenous copy of the gene encoding LAMP-2A can be regulated in liver-where the age-related CMA defect has been well characterized 3, 12 -by addition of doxycycline to the diet (doxycycline diet; Fig. 1a) . In young Alb-Tet-off-L2A mice, we verified that removal of the doxycycline diet increased LAMP-2A abundance two-to fourfold only in liver, that LAMP-2A was properly targeted to lysosomes and did not alter the levels of other LAMPs, and that the additional LAMP-2A was functional in CMA, as lysosomal-enriched fractions isolated from young transgenic mice exposed to mild oxidative stress (to maximally activate CMA) showed higher rates of CMA than those from wild-type littermates (Fig. 1b-d and Supplementary  Fig. 1 online) . Expression of the Tet regulator in liver was mainly restricted to hepatocytes ( Supplementary Fig. 2 online) .
A decrease in LAMP-2A abundance becomes evident in mouse liver at 9-12 months of age as a result of the increased instability of this protein at the lysosomal membrane 3, 12 . Given that our intention was to maintain LAMP-2A throughout the mouse life span at levels found in young adults, rather than to upregulate CMA from early on in life, we repressed the expression of the transgene until 6 months of age, when we switched the mice to a doxycycline-free diet until they were 22-26 months old (early activation; Fig. 1e ). At that age, the amount of LAMP-2A in liver lysosomes from the Alb-Tet-off-L2A mice was comparable to that detected in 6-month-old wild-type mice and was significantly (P o 0.001) higher than in wild-type or transgenic littermate mice maintained with a doxycycline diet throughout their life span (Fig. 1f) . Accordingly, lysosomes from 22-month-old transgenic mice showed rates of uptake of a well characterized CMA substrate similar to those in lysosomes from 6-month-old wild-type mice (Fig. 1g) , thus supporting preserved CMA activity in these mice. It is noteworthy that although the age-dependent decline in LAMP-2A abundance does not result from downregulation of expression of the transgene 12 , the amount of LAMP-2A in the aged mice was similar to but not higher than that in the young wild-type mice (Fig. 1g) . This disparity between LAMP-2 mRNA and protein levels is a consequence of the previously described instability of the protein in the membrane of aged liver lysosomes 12 . However, the disparity worked in our favor in this model, because our intention was not to upregulate CMA in aged mice but rather to maintain the activity of the pathway at the levels observed in the young mice.
To determine whether CMA activity could be restored once the agedependent decline had already occurred, in a second group of transgenic mice we activated the expression of the extra copy of LAMP-2A only 3 months before we killed them (late activation; Fig. 1e ). LAMP-2A abundance in these mice was similar to that observed in the early activated group and was markedly higher than in wild-type littermates (Fig. 1h) . Incubation of intact isolated lysosomes with a radiolabeled CMA substrate in vitro (to recapitulate binding, uptake and degradation of the substrates via CMA) revealed increased CMA activity (24% increase), but to a lower extent than in the early activated group (46% increase; Fig. 1i ). Higher rates of substrate proteolysis in the transgenic mice were mostly due to increased binding and uptake by CMA, as this increase was no longer evident when the lysosomal membrane was disrupted to grant access of the lysosomal enzymes to the substrate (Fig. 1i) . In fact, most of the previously described changes with age in abundance and activity of lysosomal proteases in liver do not seem to affect the subpopulation of lysosomes responsible for CMA 3 . Thus, we did not find substantial differences in the levels and activities of two major lysosomal proteases, cathepsin B and cathepsin D, in these lysosomes in any of the groups of mice analyzed ( Supplementary Fig. 3 online) . These results confirm that reduced amounts of LAMP-2A with age are a primary cause for CMA decline and that restoration of normal amounts of LAMP-2A, even for a short period, results in improved CMA activity.
Analysis of lysosomal chaperone abundance revealed that the compensatory increase in hsc70 previously described in lysosomes from aged rodents 3 was still evident in the lysosomes isolated from aged transgenic mice ( Supplementary Fig. 4 online) . Notably, upregulation was observed only for the lumenal form of hsc70, which could contribute to the enhanced CMA activity, whereas the amount of membrane-associated hsc70 in the aged transgenic mice was indistinguishable from that found in young wild-type mice (Supplementary Fig. 4) . The age-related changes in hsp90 chaperone abundance at the lysosomal membrane and lumen and of hsp40 at the membrane were not corrected in the aged transgenic mice (Supplementary Discussion online). Lysosomes Uptake (% of total added)
We next examined the cellular consequences of preserving normal CMA activity until advanced age in the livers of the Alb-Tet-off-L2A transgenic mice. In light of the proposed role for CMA in the removal of altered proteins 13, 14 , we first compared levels of oxidized proteins in cytosolic liver fractions from the different mouse groups. As previously described 3 , levels of oxidized proteins (detected with an antibody to carbonyl groups after two-dimensional electrophoresis) were markedly increased in liver cytosol from 22-month-old wild-type mice when compared with 6-month-old mice (Fig. 2a) . Of note, the amount of oxidized proteins was drastically reduced in liver cytosol from both groups of transgenic mice (Fig. 2a) . The reduced content of oxidized proteins was restricted to the liver, and it was not observed if the transgene was repressed throughout the life span ( Fig. 2a and Supplementary Fig. 5 online) . Similar results were observed for proteins modified by 4-hydroxynonenal, a toxic product of lipid peroxidation and a sensitive marker of oxidative damage (Fig. 2b) . In support of our hypothesis that the lower levels of oxidized proteins in the cytosol of the aged transgenic mice are, at least in part, a consequence of their improved removal by CMA, we found a higher content of oxidized substrates in the lumen of CMA-active lysosomes from the aged transgenic mice when compared with wild-type littermates (Supplementary Fig. 6 online) . We then compared the aggregate protein content in livers of the different groups of mice with an antibody to ubiquitin, as protein aggregates are enriched in polyubiquitinated chains. The amount of aggregates detected as polyubiquitinated proteins retained in the stacking of the gel after electrophoresis (data not shown) or directly after immunostaining of liver sections was significantly (P o 0.05) lower in the livers of the aged transgenic mice when compared to wild-type littermates (Fig. 2c) .
Comparative morphological analysis revealed higher ultrastructural similarity between the livers of aged transgenic mice and those of young wild-type mice than with those of aged wild-type mice (Fig. 3a) . In agreement with previous reports in other strains 15 , hepatocytes from our aged wild-type mice presented a higher content (in number and size) of lipid droplets, increased vesiculation and marked changes in organelle morphology (endoplasmic reticulum often accumulated as cisterna stacks, and mitochondria had reduced density, were swollen and had deformed cristae; Fig. 3a) . These changes were no longer detectable in the early activated transgenic mice and were considerably attenuated in the late activated group (Fig. 3a) . Preserved mitochondrial structure is associated with functional improvement. Thus, the intracellular ATP content, the activity of mitochondrial succinic dehydrogenase (reported to decrease with age) and the permeability of the mitochondrial membrane were all closer between young wild-type mice and the two groups of older transgenic mice than they were with the older wild-type littermates ( Supplementary Fig. 7 online) . Both the lower content of damaging cytosolic products (that is, oxidized and aggregate proteins) in the Alb-Tet-off-L2A mouse livers as well as improved organelle turnover could help to preserve functional mitochondria in these mice. In fact, analysis of several different indirect markers suggests that these mice also showed improved macroautophagic activity. Reduced autophagy of mitochondria is in part responsible for mitochondrial dysfunction in aged organisms 16 . In agreement with previous reports, we observed extensive accumulation of double-membrane vesicles with recognizable cargo (autophagosomes) in livers of aged wild-type mice (Fig. 3b) , which has been attributed to problems in autophagosome clearance by lysosomes that increase with age 17 . In contrast, the ratio of autophagosomes (before lysosomal fusion) to autophagolysosomes (after lysosomal fusion) in the early activated aged transgenic mice was closer to that detected in young mice (Fig. 3b) . Although to a lesser degree, late activation of the transgene also improved macroautophagic flow. Higher amounts of the macroautophagy effector Atg5-Atg12 and lower amounts of LC3-II, an autophagosome marker, in the aged transgenic mice livers were also indirect evidence of more efficient macroautophagy activation and autophagosome clearance, respectively, in these mice ( Supplementary Fig. 8 online) . Furthermore, the characteristic decrease in the amount of total liver proteins after 6 h of starvation, which is mostly due to the bulk degradation of proteins and organelles by macroautophagy, was markedly reduced in aged wild-type mice but not in transgenic littermates ( Supplementary  Fig. 8d ). These results indirectly support preservation of appropriate starvation-induced macroautophagy in the livers of the aged transgenic mice. Lastly, livers of aged Alb-Tet-off-L2A mice showed lower levels of lipofuscin, the autofluorescent aging pigment originating from undegraded damaged products (mostly mitochondria) inside various lysosomal compartments 18 ( Fig. 3c and Supplementary Discussion). In support of a generalized beneficial effect of preserving functional CMA in intracellular clearance, livers of aged Alb-Tet-off-L2A mice also showed a delay in the age-dependent changes in the ubiquitin-proteasome system. The decrease in the three catalytic activities of the 20S proteasome, the changes in the electrophoretic properties of the b-subunits of this protease and the increased amounts of cytosolic polyubiquitinated proteins observed in aged wild-type mouse livers were no longer evident in the aged transgenic mice ( Supplementary Fig. 9 online) . The improved functioning of the different proteolytic systems supports the existence of cross-talk among them that could be used to preserve their function until advanced age (Supplementary Discussion).
We next examined the consequences of improved cellular homeostasis at the organ level in the aged transgenic mice. Overall, signs of cellular damage were reduced in livers of the Alb-Tet-off-L2A mice until advanced ages. Both serum abundance of alanine aminotransferase (Fig. 4a) , a well established marker of liver injury 19 , and the number of apoptotic cells (detected by TUNEL assay or by caspase-3 activation) 20 (Fig. 4b,c did not reflect changes in the liver inflammatory state, as the number and size of infiltrates were comparable in aged wild-type and transgenic mice ( Supplementary Fig. 11 online) . These results support our hypothesis that the efficient handling of altered proteins in the transgenic mice has a positive impact on hepatocyte viability.
Lastly, we analyzed whether or not the preserved autophagic activity in the liver of aged transgenic mice had any effect on liver function. Using the zoxazolamine-induced paralysis time assay 21 , a common test for liver function, we found significant (P o 0.001) shortening in the time required for the aged transgenic mice to metabolize the injected muscle relaxant, reaching recovery times indistinguishable from those in young wild-type mice (Fig. 4d) . Although this marked functional improvement surpassed our initial predictions, we do not think that a single protein, LAMP-2A, is responsible for the decline in liver function with age. Instead, we argue that our findings support the idea that restoration of one of the cellular quality control mechanisms-in this case, CMA-improves the intracellular milieu (by preventing accumulation of damaged proteins), and this slows down the deterioration of the other quality control mechanisms (Supplementary Discussion). This improved functioning of all the clearance systems has an amplifying beneficial effect that manifests as improvement in cellular homeostasis, organelle status and ability to buffer cellular damage in the Alb-Tet-off-L2A mice, which ultimately results in better organ functioning.
In conclusion, to our knowledge, this work shows for the first time in vivo that maintenance of proper autophagic activity throughout life span prevents or slows down the functional failure associated with cellular proteotoxicity and accumulation of intracellular damage in aging.
METHODS
Chemicals and antibodies. We acquired reagents and antibodies from sources described previously 3, 8, 13, 22 . Antibody to the b subunits of the 20S proteasome was from Biomol, antibody to ubiquitin was from Invitrogen, antibodies to cathepsin B and cathepsin D were from Santa Cruz, antibody to the Tet repressor was from Genlantis, antibody to cleaved caspase-3 was from Cell Signaling Technology, antibody to CD31 (PECAM-1) was from BD Pharmingen, antibody to hydroxynonenal was from Abcam and antibodies to LC3 and Atg5-Atg12 were from Novus Biologicals. We detected carbonyl groups in oxidized proteins with the OxyBlot Protein Oxidation Detection Kit from Chemicon International.
Generation of a liver-specific Tet-off-LAMP-2A double transgenic mouse. We generated the transgenic TRE-LAMP-2A mouse in an FVB background by microinjection of embryonic stem cells transfected with the mouse Lamp2a cDNA downstream from the tetracycline response element (TRE, a tetracyclinecontrolled transactivator (tTA)-dependent promoter) in the pUHD10-3 plasmid. We generated the liver-specific Tet-off-LAMP-2A double transgenic mouse line by crossing homozygous TRE-LAMP-2A mice with mice carrying tTA under the control of the albumin promoter (Alb-tTA mice; Fig. 1a) . We confirmed the presence of TRE-LAMP-2A and Alb-tTA in the double transgenic mice by both Southern blot and PCR analyses (Supplementary Fig. 1 ). We repressed expression of the transgene during gestation and before weaning by maintaining the mothers on a doxycycline-supplemented diet (200 mg kg -1 doxycycline; Bioserve), as doxycycline can cross the placenta and also gets secreted with the milk. After weaning, we maintained all of the mice on the doxycycline diet until we wanted to activate the transgene. All results presented in this study are the mean values of data obtained with mice from two founder lines with similar expression (to discard insertion-related effects) and are normalized for the amount of LAMP-2A expression in each individual mouse. We used male mice for all studies, except for the zoxazolamine-induced paralysis test in which we separately analyzed males and females and ultimately pooled the obtained values as there were no significant differences between genders. We switched wild-type and transgenic mice to a doxycycline-free diet at 6 months of age (early activation) or 3 months before use (late activation). We initially kept results with wild-type and transgenic mice in the 6-month-old group separate, but because we did not find any difference in LAMP-2A abundance or in any of the other parameters analyzed between both groups, for simplification, we pooled results obtained from these two groups into a single wild-type 6-month-old group. We used the same approach for the group of 22-month-old wild-type mice and the group of transgenic mice maintained on the doxycycline food throughout their lives, which we pooled together as a single wild-type 22-month-old group. We did not find differences in the aging phenotype that could be attributed to the long-term feeding of doxycycline food in the wild-type mice. Thus, standard biochemical tests for the analysis of cellular homeostasis (alanine aminotransferase and ATP abundance, protein aggregation, lipofuscin content and mitochondria function) and routine analysis of phenotypic changes of aging (global health status, spontaneous tumor incidence, weight, degree of kyphosis, skin color and hair loss) did not reveal significant differences between wild-type mice maintained on regular food and those on doxycycline food for 22 months. Because male FVB mice in our facilities have a maximum life span of 30 months but have a median life span of 19 months, we selected the age range of 22-26 months as the end point in these studies to guarantee that the mice were not close to terminal conditions, at which point unrelated factors could make the interpretation of results difficult. All animal studies were approved by the Animal Care Committee at the Albert Einstein College of Medicine.
Isolation of lysosomal fractions. We isolated mouse liver lysosomes from a light mitochondrial-lysosomal fraction in a discontinuous metrizamide density gradient 23 . The purity of the lysosomal fractions was equivalent in the four groups of mice (6-and 22-month-old wild-type mice and 22-month-old earlyand late-activated Alb-Tet-off-L2A mice), as determined by the recovery of common lysosomal enzymes in the fractions (6-10% of total b-hexosaminidase activity was recovered in isolated lysosomes with an enrichment of 20-35-fold). In all of the experiments, we verified the lysosomal integrity after isolation by measuring the activity of b-hexosaminidase, a lysosomal enzyme, in the incubation medium 24 . We discarded preparations containing more than 10% broken lysosomes immediately after isolation. We prepared the cytosolic fraction by centrifugation of the supernatant of the light mitochondriallysosomal fraction at 100,000g for 1 h at 4 1C.
Uptake of substrate proteins by isolated lysosomes. We analyzed the transport of purified proteins into isolated lysosomes using a previously described in vitro system 3, 8, 13, 22 . Briefly, we incubated glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or RNase A with freshly isolated mouse liver lysosomes in MOPS buffer (10 mM 3-(N-morpholino) propanesulfonic acid pH 7.3, 0.3 M sucrose) for 20 min at 37 1C. Where indicated, we preincubated lysosomes with a cocktail of protease inhibitors (10 mM leupeptine, 10 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 1 mM pepstatin, 100 mM EDTA) for 10 min at 0 1C. At the end of the incubation, we collected the lysosomes by centrifugation, washed them with MOPS buffer and subjected them to SDS-PAGE and immunoblotting with antibodies specific for the assayed protein. We calculated transport by subtracting from the amount of protein associated with lysosomes treated with protease inhibitors (protein bound to the lysosomal membrane and taken up by lysosomes) the amount of protein associated with untreated lysosomes (protein bound to the lysosomal membrane), as previously described 9, 13 . In the absence of protease inhibitors, the substrate that reaches the lysosomal lumen is rapidly degraded and the only substrate remaining is that bound to the lysosomal membrane. If lysosomal proteases are blocked, both the membrane-bound protein and that translocated into the lumen can be detected. Uptake is calculated as the difference between the amount of substrate associated with protease inhibitor-treated lysosomes and the amount bound to the lysosomal membrane without protease inhibitors.
Degradation of proteins by isolated lysosomes. We assayed lysosomal degradation of exogenously added proteins as described before 13, 25 by incubation of intact lysosomes with GAPDH or RNase A radiolabeled by reductive methylation 26 in MOPS buffer supplemented with 1 mM DTT and 5.6 mM cysteine. We stopped reactions with a final concentration of 10% trichloroacetic acid, and, after filtration in the Millipore Multiscreen Assay System (Millipore) with a 0.22-mm pore membrane, we measured radioactivity in the flow-through in a WinSpectral 1414 liquid scintillation counter (Perkin Elmer). We expressed proteolysis as the percentage of the initial acid-precipitable radioactivity (protein) transformed into acid-soluble radioactivity (amino acids and small peptides) during the incubation time. We assayed degradation of [ 14 C]labeled substrates by disrupted lysosomes using a similar procedure but carried out the incubation in water in order to leave the lumenal lysosomal pH undisturbed.
Transmission electron microscopy. We fixed liver blocks (1 mm 3 in size) with 2% paraformaldehyde and 2.5% gluteraldehyde in 0.1 M sodium cacodylate buffer, postfixed them with 1% osmium tetroxide followed by 1% uranyl acetate, dehydrated them through a graded series of ethanol washes and embedded them in LX112 resin (LADD Research Industries). We cut ultrathin (80-nm) sections on a Reichert Ultracut UCT, stained the sections with uranyl acetate followed by lead citrate and viewed them on a JEOL 1200EX transmission electron microscope at 80 kV.
Histological procedures. For histological staining, we fixed the liver specimens in 10% neutral formalin and stained 6-mm sections with H&E, periodic acidSchiff stain or Masson's trichrome stain. A pathologist examined the tissue sections in a blinded fashion and scored them for degree of liver inflammation. For immunohistochemistry, we took deparaffinized and unstained liver sections following standard procedures for epitope retrieval, quenched them and blocked them before incubation with the desired primary antibodies. We then washed the slides extensively and, upon incubation with fluorescence-conjugated secondary antibodies, mounted them in SlowFade Gold antifade reagent with DAPI (Invitrogen). We then examined them on an Axiovert 200 fluorescence microscope (Zeiss). For visualization of lipofuscin deposits, we observed unstained liver sections directly under the fluorescence microscope through the Texas Red light channel. We used Image J software (US National Institutes of Health) to quantify the number of particles, size and cellular area occupied in 15-20 different randomly taken micrographs for each condition after thresholding. For TUNEL, we stained the free 3¢-OH termini of double-or single-stranded, low molecular weight DNA fragments, resulting from cleavage of genomic DNA during apoptosis, in deparaffinized and rehydrated liver sections using a commercial kit (Roche Applied Science) according to the manufacturer's instructions. We visualized stained sections under the fluorescence microscope.
Zoxazolamine induced paralysis test. We analyzed the clearance time of zoxazolamine, a muscle relaxant, as an index of liver function 21 . We gave mice a single intraperitoneal injection of zoxazolamine (150 mg kg -1 , in olive oil), placed them on their backs and recorded the time required to regain righting reflex after the paralysis induced by this compound.
General methods. We determined the protein concentration by the Lowry method using BSA as a standard 27 . We used the CellTiter-Glo Assay Kit (Promega) to quantify the amount of ATP in liver homogenates (we detected luminescent signal under a luminometer with an integration time of 1 s per well). We measured the alanine aminotransferase activity in serum samples by a colorimetric assay using a commercial kit (TECO Diagnostics). We determined cathepsin B activity by measuring the fluorescent signal of 7-amido-4-methylcoumarin (7-AMC) resulting from the hydrolysis of the fluorogenic substrate Arg-Arg-7-AMC 28 . We used cleavage of hemoglobin, monitored as the absorbance soluble in acid at 280 nm, to determine cathepsin D activity in the liver samples 28 . We determined the trypsin-like, chymotrypsin-like and peptidylglutamyl-peptide hydrolase activities of the 20S proteasome by measuring the fluorescence of 7-AMC in different C-terminal 7-AMC-containing peptides (Sigma-Aldrich). We followed mitochondrial
